Polymerase chain reaction (PCR) primers were developed based on three known reductive dehalogenase (RDH) genes (pceA from Dehalospirillum multivorans, cprA from Desulfitobacterium dehalogenans, tceA from Dehalococcoides ethenogenes) and used to amplify bands of the appropriate size from a microbial consortium inoculated with contaminated estuarine sediment and enriched under sulfidogenic conditions using 2-bromophenol (2-BP) as the sole carbon source. These PCR fragments were found to contain many of the conserved amino acids and motifs present in the known RDH genes. The three cloned PCR products (2bprdh61, 2bprdh63, 2bprdh81d esignated 2-bromophenol RDH) shared 21 of the 31 conserved amino acids present in the C-terminus of the RDHs in GenBank. (The N-terminus of the RDH protein shares very little homology for the known RDH genes.) All 2-BP PCR products and the known RDH genes were found to contain two iron^sulfur cluster binding domains as well as conserved PCR priming sites. Southern hybridization of genomic DNA revealed multiple bands, implying additional RDH-like motifs in the sulfidogenic 2-BP-degrading consortium. In order to gain information on upstream regions of the RDH-like motifs, DNA fragments containing 2bprdh61, 2bprdh63, and 2bprdh81 were cloned and sequenced via an inverse PCR approach. The results indicated the presence of transposase gene homologues upstream of 2-bprdh61A and 2-bprdh81A. Therefore, some RDH-like PCR products in our consortium are possibly pseudogenes and some RDH genetic diversity may be generated by transposition.
Introduction
Halogenated compounds are widely used as biocides, disinfectants, solvents, and £ame retardants. Substantial amounts of these halogenated compounds have been released to the environment and many of them have accumulated, presumably because of their recalcitrance. However, it is well established that certain halogenated compounds can be transformed or completely degraded by microorganisms under anaerobic conditions. Under anaerobic conditions, halogenated compounds can act as terminal respiratory electron acceptors, in a process termed (de)halorespiration (for reviews, see [1^4] ). Earlier studies indicated that reductive dehalogenation of haloaromatic compounds can occur under methanogenic conditions [5] but is often inhibited by other electron acceptors, such as sulfate [6^10] . However, in marine and estuarine sediments, sulfate is found in abundance and in these environments reductive dehalogenation in the presence of sulfate has been demonstrated [5,11^13] .
Although a variety of consortia and strains have been enriched and isolated which are capable of dehalogenation, little is known about the microbial communities which reductively dehalogenate in natural systems. Currently, methods for in situ monitoring of the presence and activity of the functional reductive dehalogenase (RDH) gene are not readily available. Recently, several membrane-bound respiratory proteins involved in halores-piration have been puri¢ed and characterized [14^19] . This has led to the detection of putative RDH genes from dechlorinating bacterial strains and anaerobic bioreactors using polymerase chain reaction (PCR) primers based on the two RDH genes present in GenBank at that time [21] : the tetrachloroethene reductase (pceA) gene [16] from Dehalospirillum multivorans and the 2-chlorophenol reductase (cprA) gene [19] from Desul¢tobacterium dehalogenans.
In this study, PCR primers were re-designed using the pceA and cprA and the trichloroethene reductase gene (tceA) from Dehalococcoides ethenogenes [21] to detect putative RDH genes within a sul¢dogenic 2-bromophenol (2-BP)-degrading consortium enriched from an estuarine sediment [13] . Three DNA fragments containing conserved motifs of known RDH genes were ampli¢ed from the consortium. These conserved structural motifs suggested the PCR products were functional RDH genes and may have been involved in dehalogenation within our consortium. Yet, upstream sequence analysis of these genes using inverse PCR found transposase gene homologues, which have likely disrupted transcription and signal peptide post-translational modi¢cation. These results indicate that traditional PCR approaches using genomic DNA and RDH primers may amplify pseudogenes as well as functional genes, complicating the interpretation of environmental data.
Materials and methods
2.1. Cultivation of a 2-BP-degrading consortium and extraction of total community DNA Sul¢dogenic enrichment cultures grown on 2-BP were previously established with sediment core samples from the Arthur Kill, an intertidal strait between Staten Island, NY and New Jersey [5] . The enrichment cultures were fed 2-BP as a sole carbon source and maintained through serial transfers over a period of 3 years. Mineralization of 2-BP coupled to sulfate reduction was demonstrated previously [5, 13] . To assess whether the cells in the enrichment could use 2-BP as an electron acceptor, the consortium was washed and transferred in a sulfate-free medium containing 5 mM lactate and acetate as energy sources and 2-BP as the sole electron acceptor. The culture was perpetuated via several 1% transfers without a decrease in 2-BP degradation activity, implying dehalorespiration had occurred.
For DNA extraction from this enrichment, 50 ml of culture was ¢ltered onto polyethylsulfone membranes (0.2 Wm Supor; Gelman Scienti¢c), and nucleic acids were puri¢ed using a modi¢ed phenol:chloroform method including multiple freeze-thaw cycles as described previously [23] . DNA was further puri¢ed by CsCl gradient centrifugation [24] . The banded DNA was dialyzed against 10 mM Tris pH 8.4 on a 0.025-Wm membrane ¢lter (Millipore, Bedford, MA, USA) to remove salts.
PCR detection of RDH genes
Several sets of degenerate PCR primers to amplify RDH gene fragments were designed based upon recently published RDH gene sequences of pceA, tceA, and cprA [16, 19, 22] . The sequences and positions of all primers are listed in Table 1 . PCR reactions were performed in a total volume of 25 Wl using a Perkin-Elmer 2400 thermocycler (Perkin-Elmer, Foster City, CA, USA). Reactions were performed in 1UPCR bu¡er, containing 10 pmol of each primer, 4 mM of MgCl 2 , 25 WM of dNTP, and 1 U of Red-Taq polymerase (Sigma, St. Louis, MO, USA). Community DNA (20 ng) was used for the ampli¢-cation. Temperature pro¢les were as follows : initial denaturation step at 94 ‡C for 2 min followed by 35 cycles of 94 ‡C for 30 s, 46 ‡C for 1 min for primer annealing, and 67 ‡C for 30 s for elongation, followed by a ¢nal elongation step at 65 ‡C for 7 min. Ampli¢cation products were separated by agarose gel electrophoresis and visualized by staining with ethidium bromide and bands of predicted sizes were eluted from the gel using Gene Clean kit (Bio101, Carlsbad, CA, USA). The eluted fragments were ligated into the vector PCRII by TA cloning and transformed in TOP10 competent Escherichia coli (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions.
For sequence analysis, 10 clones were randomly picked and plasmid DNA was puri¢ed using the FlexiPrep Kit (Pharmacia, Piscataway, NJ, USA). Clones were sequenced on a Perkin-Elmer ABI 310 automated sequencer using M13 primers. All obtained sequences were compared with entries in GenBank using BlastX [25] . Subsequently, amino acids were deduced using the program Editseq of DNASTAR (Dnastar, Madison, WI, USA). Amino acid sequences were manually aligned using the software Clustal X [26] . Dendrograms were generated by applying neighbor-joining method [27] .
Southern blot hybridization
Southern blot hybridization was performed according to Sambrook et al. [28] . Genomic DNA from the 2-BP-degrading consortium was digested with ClaI, HindIII, EcoRI, and PstI for 2 h at 37 ‡C, separated by electrophoresis, and transferred to a nylon membrane for hybridization. Ampli¢cation products of primer set DHU1080F/ DHU1350R (see Table 1 ) were used as a DNA probe for hybridization by incorporating a digoxigenin label (Roche). Hybridization was performed at 65 ‡C for 12 h in 0.75 M NaCl, 0.075 M trisodium citrate, 0.1% (w/v) N-lauroylsarcosine, 0.02% (w/v) sodium dodecylsulfate, and 1% (w/v) blocking reagent, pH.7.0. The colorimetric detection method with nitroblue tetrazolium and 5-bromo-4-chloro-3-indolylphosphate was used to detect hybridization bands.
Inverse PCR and cloning of DNA fragments containing 2bprdh61, 2bprdh63, and 2bprdh81
Pairs of primers for inverse PCR were designed from the sequences of the corresponding 350-bp and 450-bp PCR products (Table 1) . Genomic DNA was digested with HindIII for 2 h at 37 ‡C. The restriction enzyme was inactivated by heating to 80 ‡C for 20 min, the reaction was diluted to 2.8 ng of DNA Wl 31 , and then the DNA was circularized with 2 U of Rapid DNA ligation kit (Roche). Self-ligated DNA (5 ng) was used as template in a 25-Wl PCR reaction containing the following : 5 pmol each internal primer, 1.25 mM MgCl 2 , 0.2 mM dNTP, 1 U of Expand Long Template enzyme mixture (Roche). The DNA was ampli¢ed using the GeneAmp PCR System 2400 (Perkin-Elmer). After preheating to 94 ‡C for 2 min 30 cycles were performed, consisting of denaturation at 94 ‡C for 20 s, primer annealing at 55 ‡C for 30 s, and elongation at 68 ‡C for 3 min. After 10 cycles, the elongation time was extended with 5 s per cycle. PCR products were puri¢ed from agarose gel by Gene Clean kit (Bio101) and cloned into PCRII as described above. The DNA sequencing was performed with the M13 primers and newly designed internal primers after each round of sequencing.
Nucleotide sequence accession numbers
The sequences of DNA fragments containing 2-bprdh-61A, 2-bprdh63A, and 2-bprdh81A have been deposited in GenBank under accession numbers AF462231, AF462232, and AF462233, respectively.
Results

Design of primers and PCR ampli¢cation of putative RDH gene fragments
The four known RDH genes [pceA (AF022812), pceA Y51 (AB070709), tceA (AF228507), and cprA (AF115542)] range in size from 425 to 551 amino acids and share the greatest homology at the C-terminus [20, 21] . Only seven of the ¢rst 280^350 amino acids are conserved among the pceA, pceA Y51, tceA, and cprA proteins. Yet, 31 of the ¢nal 200 amino acids are conserved in all known dehalogenase proteins including two highly conserved iron^sulfur Table 1 Oligonucleotide primers designed 
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500 bp 400 bp 300 bp Fig. 1 . Agarose gel electrophoresis of PCR products from a 2-BP-dehalogenating consortium using the degenerate primers designed in this study. Lane 1: primer pair DHAR1000F/DHU1350R. Lane 2: primer pair DHU1080F/DHU1350R. M: molecular size marker (100-bp ladder). PCR products of predicted size are marked by arrows.
(FeS) cluster binding motifs in the C-terminal regions (Fig. 2) . The conserved FeS motifs were used to design PCR primer sets (Table 1 ; DHAR1000F/DHU1350R and DHU1080F/DHU1350R; Fig. 1 ) to amplify 350-bp and 450-bp PCR fragments from the sul¢dogenic 2-BPdegrading consortium (Fig. 2) . The fragments were cloned and the 350-bp library was found to contain two RDHlike amplicons (designated 2bprdh61 and 2bprdh63). These sequences showed highest sequence similarity with the three known RDH genes in GenBank using a BLAST search. The 450-bp library consisted primarily of a single sequence (designated 2bprdh81) also with the highest similarity to RDH genes. From the 350-bp library, nine of the clones were 2bprdh61, while in the 450-bp library, eight of the clones were 2bprdh81 with two clones unrelated to known RDH genes despite their correct sizes. The RDHlike motifs 2bprdh61 and 2bprdh63 were not detected in the 450-bp library. We aligned these new sequences with all known RDH genes (pceA, pceA Y51, tceA and cprA) using the Clustal X program (Fig. 2) . Twenty-one of the 31 conserved amino acids in the known RDH genes were present in the 2-BP RDH-like motifs. Six of the remaining 10 conserved amino acids were present in all but one 2-BP motif. The ferredoxin type FeS cluster binding motif (CXXCX-XCXXXCP; Fe 4 S 4 ) was present among all sequences including the known RDHs. The second truncated FeS cluster binding motif was also present with the exception of the conserved proline residue that was not found in 2bprdh61 and 2bprdh63. Overall similarity of the three cloned PCR products 2bprdh61, 2bprdh63, and 2bprdh81 demonstrated 21^34% identity at the complete protein level to the known RDHs in the GenBank. This similarity in the complete dataset was comparable to the overall pairwise identity for the entire protein between the four known RDH genes (pceA, pceA 2 , cprA, and tceA; 23^30% identity). As with the known RDH genes, the 2-BP RDH-like motifs demonstrated highest identity with the C-terminus of the protein. Phylogenetic analysis suggested that 2-BP RDH-like motifs are deeply branching with respect to the known RDH genes from reductively dehalogenating bacteria (Fig. 3) .
Southern blot hybridization of putative RDH genes
In order to obtain gene dosage and upstream sequence information of the various RDH motifs in our enrichment, a digoxigenin-labeled probe was hybridized to genomic DNA digested with four restriction enzymes (Fig. 4) . Southern analysis revealed three to four strong bands and two to three weak bands hybridizing with the probe in every digest suggesting ¢ve to seven copies of RDH genes within the consortium. Attempts were made to directly clone the 2.5-kb and 3.5-kb HindIII fragments (Fig.   4, lane 2) . Although 1000 clones with inserts of the appropriate size were obtained, no recombinant clones were found to contain the 2bprdh genes. We assumed that intact RDH genes were lethal in the E. coli strains used for cloning.
3.3. Inverse PCR cloning of 2-bprdh61A, -63A, and -81A genes from HindIII digest
Because the direct cloning was not successful, inverse PCR primers were designed internally in 2bprdh61, 2bprdh62, and 2bprdh81 in an attempt to generate a disrupted fragment of the various RDH genes (see Fig. 2 ). Genomic DNA was digested with HindIII and re-ligated to form closed, circular DNA. Using internal primers, two fragments could be ampli¢ed which corresponded to bands from the genomic Southern blot. Sequence analysis of these inverse PCR products revealed the 2.5-kb (INV61), the 3.5-kb (INV81) and the 1.5-kb (INV63) fragments contained the sequences from 2bprdh61, 2bprdh81, and 2bprdh63, respectively.
Sequence analysis
The rearranged map of clone INV61 is shown in Fig.  5A . The N-terminal region of the open reading frame (ORF) for 2-bprdh61A was truncated by an ORF (orf1) homologous to a transposase (29% identity with a transposase of Xanthomonas axonopodis; AF263433). No start codon and putative signal sequence (RRXFXK) for posttranslational modi¢cation were found in the N-terminus of 2-bprdh61. An additional ORF (2-bprdh61B) was found 20 bp downstream of the stop codon of 2-bprdh61A gene. A hydrophilicity plot of the 2-bprdh61B protein suggests a membrane-bound protein containing three hydrophobic (membrane-spanning) regions (data not shown). Although a putative ribosome binding sequence is present between the two ORFs (2-bprdh61A and 2-bprdh61B), no transcription termination or initiation signals are apparent. This implies that these two ORFs of 2-bprdh61AB would be co-transcribed, as in the case of the known RDH genes in pceAB, cprBA, and tceAB [16, 19, 22] .
The rearranged clone from INV63 also had two ORFs (Fig. 5B) . However, the inverse PCR product length was not enough to completely cover the ORFs of 2-bprdh63A and 2-bprdh63B. Therefore, it was not possible to get information about the N-terminal region of the 2-bprdh63A which should contain a signal sequence for post-translational modi¢cation. The second ORF, 2-bprdh63B, was found 18 bp downstream of the stop codon of the 2-bprdh63A gene. Like 2-bprdh61B, the 2-bprdh63B gene product does not exhibit signi¢cant similarities with any known proteins present in the databases and a hydrophilicity plot of the protein shows that this protein also has three membrane-spanning hydrophobic regions (data not shown).
The map arranged from clone INV81 contains 2-bprdh81A of 1124 bp (Fig. 5C ). This is smaller than the known RDH genes (tceA, 1662 bp; pceA, 1503 bp; or cprA, 1341 bp). No putative signal sequence, RRXFXK, was detected in the N-terminus. Although the gene is preceded by a putative Shine^Dalgarno sequence, we could not ¢nd two stretches resembling the 310 and 335 regions of an E. coli promoter c 70 (M. Reese, Promoter Prediction by Neural Network [http:// www.fruit£y.org/seq_tools/promoter.html]). Upstream of the 2-bprdh81A, two small ORFs showing homology with transposase genes were found. In addition, the ORF that encodes a hydrophobic protein was not found which is closely linked with the catalytic subunit of RDH genes in pceAB, cprBA, and tceAB [16, 19, 22] . These characteristics of 2-bprdh81A are quite di¡erent from the known RDH genes.
Discussion
A microbial consortium was enriched under sul¢dogenic conditions using estuarine sediment with 2-BP as a sole carbon source [13] . From this consortium, putative RDH gene fragments were detected with degenerate primers designed from three known RDH genes in GenBank (tceA, pceA, cprA) [16, 19, 22] . As shown in Fig. 3 , our clones are distantly related to the known RDH genes and the putative RDH gene fragments which have been detected from consortia of bioreactors [21] . Thus, the question arises whether these 2-BP RDH-like motifs are truly RDH genes.
This was tested by searching for conserved motifs in the proteins encoded within the ampli¢ed RDH gene fragments as was done previously in the dechlorinating bioreactors [21] . All known RDHs in halorespiring bacteria have been found to contain cobalamin and iron^sulfur clusters, with the exception of Desulfomonile tiedjei [17] . Optical and electron paramagnetic resonance spectroscopic studies have also revealed the presence of one cobalamin, one 4Fe4S cluster, and one 3Fe4S cluster in the ortho-chlorophenol dehalogenase in Desul¢tobacterium dehalogenans [19] . Fig. 3 demonstrates that the putative RDH-like motifs in the 2-BP PCR fragments and all known RDH genes in the GenBank each contain FeS cluster binding motifs with the appropriate spacing. Furthermore, the PCR priming sites DHAR1000F, DHU1080F, or DHU1350R were also conserved in fragments generated using either inverse PCR primers or outside primers (Fig. 1) . The presence and identical spacing of conserved motifs and priming sites argues against the homology resulting by chance alone. Additionally, the presence of hydrophobic membrane-anchoring proteins (2-bprdh61B and 2-bprdh63B) physically linked to 2-bprdh61A and 2-bprdh63A genes supports the notion of these PCR fragments arising from functional RDH genes (Fig. 5) (the three RDH genes, pceA, tceA, and cprA, are also physically linked to the membrane-anchoring B subunit genes [16, 19, 22] ).
However, the presence of conserved motifs is an indirect way of assessing functionality, at best. De¢nitive proof requires gene expression studies or protein identi¢cation to verify translation. Furthermore, our sequence analysis of upstream regions indicates that two RDH motifs, 2-bprdh61A and 2-bprdh81A, are probably pseudogenes resulting from disruption by transposase-like elements. Several copies of integrase/recombinase gene homologues associated with RDH genes are present in the genome of Dehalococcoides ethenogenes (preliminary sequence data were obtained from The Institute for Genomic Research website at http://www.tigr.org). These results imply that RDH genes could be highly mobile in nature and capable of moving between groups of microorganisms in a variety of systems.
Although the 2-BP-degrading consortium maintains reductive dehalogenation activity, these two RDH motifs (2-bprdh61A and 2-bprdh81A) are probably not involved in the reductive dehalogenation in the consortium. Our results support previous ¢ndings that RDH-like motifs may be associated with transposons and abundant in microbial genomes [22] . Our ¢ndings also suggest that some RDH genes may lose activity during the transposition process. Speci¢cally, the genome of Dehalococcoides ethenogenes appears to contain at least 17 homologues of the tceA gene (preliminary sequence data were obtained from The Institute for Genomic Research website at http://www. tigr.org) and several cprA-like genes in the Desul¢tobacte-rium sp. PCE1 and Desul¢tobacterium hafniense have also been described [22] . The possibility that the abundance and diversity of RDH genes and dehalogenating microorganisms in the environment may result from transfer of mobile genetic elements should be investigated further. Ultimately, determination of active, functional RDH genes by reverse transcriptase PCR on mRNA or an in situ demonstration of RDH activity will be necessary for monitoring reductive dehalogenation in the environment.
